Genome-wide association studies (GWASs) have discovered >50 risk loci for type 1 diabetes (T1D). However, those variations only have modest effects on the genetic risk of T1D. In recent years, accumulated studies have suggested that gene-gene interactions might explain part of the missing heritability. The purpose of our research was to identify potential and novel risk genes for T1D by systematically considering the gene-gene interactions through network analyses. We carried out a novel system network analysis of summary GWAS statistics jointly with transcriptomic gene expression data to identify some of the missing heritability for T1D using weighted gene co-expression network analysis (WGCNA). Using WGCNA, seven modules for 1852 nominally significant (P ≤ 0.05) GWAS genes were identified by analyzing microarray data for gene expression profile. One module (tagged as green module) showed significant association (P ≤ 0.05) between the module eigengenes and the trait. This module also displayed a high correlation (r = 0.45, P ≤ 0.05) between module membership (MM) and gene significant (GS), which indicated that the green module of co-expressed genes is of significant biological importance for T1D status. By further describing the module content and topology, the green module revealed a significant enrichment in the "regulation of immune response" (GO:0050776), which is a crucially important pathway in T1D development. Our findings demonstrated a module and several core genes that act as essential components in the etiology of T1D possibly via the regulation of immune response, which may enhance our fundamental knowledge of the underlying molecular mechanisms for T1D.
Introduction
Type 1 diabetes (T1D) is an autoimmune-mediated disease that is characterized by the selective damage of pancreatic beta cells, which consequently leads to the insufficient secretion of insulin [1] . T1D generally occurs in childhood and adolescence. At present, lifelong insulin replacement is the only therapy for T1D patients. Epidemiology surveys have showed that >300 million people were affected by diabetes in the world, and about 10-15% of them were T1D [2, 3] . Lifelong insulin management and disease-related complications imposes a heavy burden on society.
The exact pathogenesis of T1D is still largely unclear [4] . It is widely thought that interaction of susceptibility genes and environmental factors triggers and promotes the disease onset. T1D has a strong cluster in the family, a monozygotic and dizygotic twin study estimated the heritability of T1D is approximately 72% [5] . The human leukocyte antigen (HLA) region, located on chromosome 6p21, was recognized as the major risk factor for T1D and explains about 50% of the genetic variations for the risk of T1D [6] . Over the past decade, >50 non-HLA variants associated with T1D were uncovered by genome-wide association studies (GWASs) [7, 8] . However, those variations identified by GWASs only have contributed to modest effects on the genetic risks for T1D [4] . The missing heritability is still to be discovered.
Accumulated evidence has suggested that part of those missing heritability may due to gene-gene interactions [9, 10] . Gene-gene interactions have explained a portion of the missing heritability but were commonly difficult to be detected under a low statistical power [9] . It was suggested that integrating genomics data with transcriptomics data to perform system network analysis through weighted gene co-expression network analysis (WGCNA) could improve disease gene detection power by grouping genes of individually small effect together for testing and search functional genes harboring nominally significant association (P ≤ 0.05) in GWAS [11] . WGCNA is a powerful method to detect gene connections by exploring co-expression genes for complex diseases [12] , which overcomes the main limitation of most genetics studies concentrating only on individual genes with significant statistics in GWAS. It is useful to perform WGCNA to assess gene co-expression similarity to enhance our knowledge of molecular processes and identify novel intervention targets for the complex diseases such as T1D.
WGCNA has been successfully applied to identify disease-associated biological modules and genes, including some recent work from our team [13, 14] . For example, both of He et al. and Chen et al. have successfully identified significant modules and genes associated with bone mineral density (BMD) using network-based analysis [13, 14] , which laid a technical foundation for our work here. The first WGCNA study for T1D was performed by Riquelme et al. [15] , which established two co-expression networks, respectively, from T1D and healthy controls to compare the expression difference using public microarray data. While, our study first combined GWAS data with gene expression data to perform system network analyses, which may be more comprehensive to identify co-expression genes.
In recent years, more and more studies have focused on elucidating the importance of the immune component in T1D development [16, 17] . In our current study, we integrated the largest T1D genomics data with public gene expression data from newly diagnosed T1D patients vs normal controls derived from peripheral blood mononuclear cells (PBMCs) to perform system network analysis by using WGCNA. PBMCs are appropriate to assess immune processes of T1D pathogenesis in which the important immunological biomarkers can be detected [18] . Our findings may help us to better understand of T1D genetics and may also provide potential intervention molecular targets for the treatment of T1D.
Results

Discovering interesting modules associated with T1D
A total of 2,048,237 single-nucleotide polymorphisms (SNPs) from T1D GWAS data with associated P-value were annotated to 17,666 genes with gene-based P-value by using Versatile Gene-based Association Study-2 (VEGAS-2) [19] . Genes with P ≤ 0.05 were selected from GWAS data, containing 1852 of the 17,666 genes. The 1852 nominally significant GWAS genes set with corresponding probes were picked up from the gene expression profile. There were 3694 significant probes left for WGCNA analysis. By using WGCNA, seven distinct gene modules were identified based on hierarchical clustering dendrogram, presented in Fig. 1 . The module size ranges from 40 (red module) to 1269 (blue module) genes. Next, we tested the association between the individual module and T1D status through the correlation of module eigengenes and T1D. Interestingly, the green module showed significant evidence (P ≤ 0.05) associated with T1D, as seen in Fig. 2 . Finally, the correlation of gene significant (GS) and module membership (MM) was generated to evaluate potential biological function of the interesting green module. As was shown in Fig. 3 , the significant correlation (r = 0.45, P = 0.0019) between GS and MM was presented in the green module, which means that genes in the green module were not only significantly associated with T1D status but also are highly co-expressed.
Further exploration of the green module
To summarize the network results, we evaluated those core genes of the interesting green module from three aspects: top hub genes ordered by intramodular connectivity (K.in is described by the number of genes relating to a given gene), top network genes ordered by GS and top GWAS genes ordered by GWAS P-value, as shown in Table 1 . The top hub genes include CAPZB, YWHAZ, and TKT, the top network genes consist of TPP1, TKT, and RBM17, the top GWAS genes involve PTPN11, HCG11, and MLLT1. Among those genes, the expression of YWHAZ was reduced in T1D conditions and this gene influences inflammation by inhibiting T-cell trafficking to inflamed tissue [20] . The TPP1 gene is one of the top network genes and ranked the first on GS. TPP1 gene was associated with rheumatoid arthritis (RA) [21] , which suggested that TPP1 may be a potential candidate gene for T1D, as T1D and RA were reported to have some common susceptibility loci [22] . In addition, TPP1 may indirectly influence metabolism possibly by regulating telomere length [23] . Moreover, various types of research have indicated that TKT might prevent the progress of complications of diabetes in animal experiments by inhibiting nuclear factor (NF)-kappa B signaling [24, 25] . The PTPN11 gene was a known susceptibility gene for T1D reported by a previous GWAS [26] , which was validated by our study. However, the other top genes HCG11 and MLLT1 (ranked on the level of statistical significance in the GWAS), CAPZB (based on K.in), as well as RBM17 (ranked on GS) have so far no evidence of being associated with T1D in previous studies, which were novel candidates discovered by our present work.
The green module network visualization was conducted by VisANT, containing all the genes of the green module (Supplement Fig. 1 ). In a network, a node represents one gene, edges represent the related connections to a gene. Red nodes represent genes that are enriched in "regulation of immune response", black nodes represent the top GWAS genes, yellow nodes mean the top hub genes, and the top GS genes are signed to blue. Forty-five nodes and 990 edges (representing potential interactions among the gene nodes) were included in the green module network.
Gene Ontology (GO) enrichment analysis of the green module was performed following the visualization step. Significant GO term (GO: 0050776) was observed in the "regulation of immune response" pathway (Table 2) . Interestingly, this result showed that the regulation of immune response pathway might act as an essential component in the etiology of T1D, which was consistent with the result from previous studies [16, 27] . The regulation of immune response pathway includes 11 genes (PTPN11, SKAP2, TAB2, ITGB1, ITGB2, RAC2, CD36, CDC37, PSMD13, PSMF1, and CMTM3), the details of these genes are shown in Supplement Table 1 . Among these genes, PTPN11 and SKAP2 related to T1D were reported by previous GWAS [26, 28] , both of them were associated with the autoimmunity. Familial association studies provided a portion of the evidence that TAB2 may indirectly regulate the NF-kappa B signaling and induce the apoptosis of pancreatic beta cells [29] . As the apoptosis of pancreatic beta cells is one of the most important characteristics of T1D [30] , TAB2 was known as a susceptibility gene for T1D. The following two genes, ITGB1 and ITGB2 also have been reported to have association with T1D in genebased pathway analysis and NOD/ltJ mice experiment, respectively [31, 32] . Notably, RAC2 was known to be highly associated with autoimmune disease [33] , and a recent study of fine-mapping revealed its association with T1D [34] . However, for the rest five genes (CD36, CDC37, PSMD13, PSMF1, and CMTM3), we have not found studies reporting their roles in T1D.
The functional protein association networks of the green module were conducted by the STRING database. Overviewing the networks, two protein-protein interacting subnetworks were detected (Fig. 4) . One of the co-expression subnetwork includes PTPN11, RAC2, ITGB2, ITGB1, CD36, ZDHHC8, COMT, YWHAZ, SDHA, SDHB, and SDHC. Interestingly, five (PTPN11, RAC2, ITGB2, ITGB1, and CD36) of them were involved in the immune response pathway and five known genes (PTPN11, RAC2, YWHAZ, ITGB2, and ITGB1) relevant to T1D were identified. Another coexpression subnetwork contained FLI1, TPP1, and SKAP2.
Discussion
In our present study, we first performed a system network analysis study by combining evidence of summary GWAS statistics with disease-relevant transcriptome data for T1D. We successfully identified one module (tagged as green module) containing 45 interconnected genes and several core genes (e.g., TPP1, RAC2, and PTPN11) that are significantly associated with T1D. GO enrichment analysis indicated the interesting module enriched in the regulation of immune response pathway, revealing a close relationship between immune response and T1D. This finding is consistent with the result from another study in regulating the immune response [27] . The functional protein-protein association networks also demonstrated that five of the genes (which belong to immune response pathway) showed interaction evidence with each other. Furthermore, we have also identified several interesting genes, such as TPP1, which may be a promising novel candidate gene for T1D (which will be discussed in the following). Thus, our Fig. 3 The scatter plot of MM and GS. Shown is the scatter plot of module membership (MM) and gene significant (GS) in the interesting green module. The high correlation between MM and GS was observed in this module findings not only validated that immune response was very important for the etiology of T1D but also identified novel potential candidate genes for T1D. Our work may offer some valuable evidence for a better understanding of T1D genetics and thus provide potential molecular intervention targets for the treatment of T1D. System network analysis is a useful biological approach to identify co-expression genes for complex diseases. The highlighted advantage of this approach is that it can find potential novel candidate modules and genes with functional features based on co-expression similarities, which differs from other conventional pathway analysis that focuses on searching gene lists for the known molecular mechanism in a database. System network analysis with transcriptome gene expression data derived from diseaserelevant cells or tissues provide potential functional information and may improve statistical power by clustering those co-expression genes (each may with small effects) for group testing, which may make up for some of the limitations of GWAS. Take this into account, we performed system network analysis study via WGCNA for combining summary GWAS statistics with gene expression profile. In our study, we identified an interesting module that showed a positive association with T1D. GO and pathway analyses further verified this specific process. Eleven of the 45 genes (PTPN11, SKAP2, TAB2, ITGB1, ITGB2, RAC2, CD36, CDC37, PSMD13, PSMF1, and CMTM3) were significantly enriched in the regulation of immune response, including several well-known genes that were related to T1D in previous studies (PTPN11, SKAP2, RAC2, TAB2, and ITGB1) [26, 28, 29, 31, 34] . A previous study has also showed that both of innate and adaptive immune response were involved in the development of T1D [17] . Dysfunction of immune tolerance expands the activation of disease-mediated autoreactive T cells infiltrating pancreas islet, which simultaneously leads to the release of cytokines that directly promote the death of beta cells [27, 35] . Our results suggested the green module and its genes especially those genes that regulate immune response may play essential roles in the etiology of T1D.
It is worth noting that TPP1 was the top network gene in the green module and ranked first by GS (the correlation of individual gene and T1D from transcriptomics data). This gene is located on chromosome 11p15.4. The protein encoded by this gene is a member of shelterin complex, which plays an important role in the regulation of telomere length. An early study has revealed that the telomere length from patients with T1D was significantly shorter than that of control subjects [36] . Additionally, previous studies have reported that telomere length was a biomarker of negative effects of oxidative stress and inflammation [37] , especially a recent study showed that shelterin complex proteins may be involved in indirect regulation of metabolism [23] . Moreover, TPP1 showed interaction evidence with SKAP2 in the functional protein association network, and SKAP2 has already been reported to be associated with T1D and RA [22] . Studies have also shown that part of the missing heritability may be due to gene-gene interaction or genes with individual small effect [9] . As described above, TPP1 and SKAP2 showed co-expression relationship with each other, thus TPP1 may be also associated with T1D. A study of RA has found that decreasing expression of TPP1 was observed in RA patients and it had a negative correlation with autoantibodies [21] . T1D and RA are two autoimmunity disease and were reported to share some susceptibility loci, such as SKAP2 [22] . Although TPP1 has not been directly reported to be a T1D gene in previous genetics studies, our study suggested its role in the etiology of T1D possibly by indirectly regulating telomere length and association with RA, which may enhance our understanding of the underlying molecular mechanisms in T1D. Based on our results, as well as combining the genetic background of T1D and RA with the association between TPP1 and RA in previous studies, which all suggested that TPP1 may be a promising new candidate gene for T1D. However, the specific mechanisms of TPP1 for T1D are unknown and need to be further investigated.
RAC2 was the eighth hub gene and enriched in the immune response pathway according to the result of GO enrichment analysis. This gene, located on chromosome 22q13.1, belongs to Rho family and encodes small GTP binding proteins. RAC2 was a well-known specific hematopoietic protein in the regulation of transcriptional activation and cytoskeletal reorganization among cells development, particularly in immune cells [38] . A recent study for fine mapping of T1D loci was performed using ImmunoChip, which revealed RAC2 as a T1D gene [34] . Early research indicated that deficiency of RAC2 resulted in the decrease of T-cell proliferation in cell experiment [39] . RAC2 also plays a vital role in inflammation, namely Fold enrichment the score of genes that enriched in the regulation of immune response pathway secreting reactive oxygen species and producing cyclooxygenase-2 [33] . In addition, both the elicitation of immune response and immune tolerance is regulated by RAC2 [40] . As we know, inflammatory process and immune response are key factors for developing T1D [16, 35] . Thus, our study demonstrated that RAC2 may act as a significant player in the mechanism of T1D onset. The PTPN11/SHP2 gene, located on chromosome 12q24.13, encodes the protein tyrosine phosphatase (PTP). PTPN11/SHP2 was a specific candidate gene for T1D, which involved in the regulation of insulin and immune signaling [41] . Recent studies have demonstrated that PTPN11/SHP2 influenced immune response by mediating the effects of cytokine and inhibitory receptor signaling processes, such as downregulating T-cell adhesion processes and then inhibiting T-cell activation [42] . In addition, another study reported that increasing PTPN11/SHP2 expression positively regulated mitogen activated protein kinase (MAPK) signaling and consequently upregulated the expression of arginase II, therefore reducing the cellular nitric oxide (NO) to accelerate insulin-mediated leukocyte adhesion and leading to consequent vascular complications of diabetes [43] . Hence, our study also identified PTPN11 as a susceptibility functional gene for T1D, which verified the result of the previous GWAS [26] . Fig. 4 The functional protein association networks of the green module. The functional protein association networks of the green module, nodes represent protein, edges represent protein-protein association, line color represents types of interaction evidence (e.g., experimentally determined, gene fusions and so on). All of the interacting proteins with a interaction score ≥ 0.4 (based on the previous study, the interaction score ≥ 0.4 was regarded as medium confidence)
Despite the above interesting findings, our study may have a few limitations. For example, the sample size of the microarray expression data that we used was not very large. Although the gene expression sample size is relatively small, the transcriptome data that obtained from PBMC can directly exhibit the expression difference of immune state in T1D patients and normal controls [44] . The PBMC were also widely used in functional studies for T1D. In addition, our study did not validate all the genes that were discovered in the original GWAS, because the network analysis is a functional biological approach for identifying the missing heritability of T1D by considering the gene-gene interactions in specific (and not every) disease-relevant cells or tissues. Further replication studies for a larger sample size of the transcriptome data and biological experiments are needed to verify our results.
In conclusion, through GWAS statistics data joined with disease-relevant transcriptome data to perform system network analysis using WGCNA, we successfully identified one module (green module) and several genes (e.g., TPP1, RAC2, and PTPN11) that may be the potential functional association with T1D. The associated genes of the interesting green module were highly enriched in the regulation of immune response pathway that provided biologically valuable clues in support of the association between those significant genes and T1D.
Materials and methods
Genomics data preparation and processing
The genomics data we used for analysis were publicly available summary GWAS statistics for T1D, which was the largest meta-analysis from Bradfield et al. [7] . The data consist of five constituent studies: T1DGC, GoKinD, DCCT-EDIC, WTCCC, and CHOP-McGill and include 26,890 individuals (9934 cases/16956 controls). The samples were described in detail in the previously study [7] . The summary GWAS statistics were downloaded from http://www.t1dbase.org/. The GWAS SNPs with associated P-values were converted to relevant genes and corresponding P-values for genes using VEGAS-2 [19] , which is a comprehensive web platform that can perform the genebased and pathway-based analyses on summary GWAS statistics data. Genes with P ≤ 0.05 were considered to be nominally significant for further analyses.
Transcriptomics data preparation and processing
The transcriptomics data set derived from public microarray data were downloaded from NCBI Gene Expression Omnibus (GEO) database (access number: GSE55100). In the previous study [45] , PBMC were collected from 12 newly diagnosed T1D patients (17.50 ± 3.68 years) and 10 normal age-matched controls (18.70 ± 1.16 years). mRNA was extracted and complementary DNA was performed by using Affymetrix Human Genome U133 Plus 2.0 Array [HG-U133_Plus_2] platform. T1D patients were diagnosed according to 2011 American Diabetes Association (ADA) criteria [46] . Subjects did not meet the inclusion criteria were excluded, as the previous study described [45] . The downloaded Affymetrix CEL files were normalized by R language Affy package. We selected the significant probes for analysis from expression profile based on the nominally significant genes of GWAS (P ≤ 0.05).
Weighted gene co-expression network analysis
We chose the nominally significant genes of GWAS (P ≤ 0.05) to build the co-expression network by using R language WGCNA package. The detail WGCNA tutorials can be found in https://labs.genetics.ucla.edu/horvath/ CoexpressionNetwork/Rpackages/WGCNA/Tutorials/ index.html. The WGCNA algorithm was based on the previous studies [12, 14] , and the main steps were briefly summarized as follows: first, a co-expression matrix was established through calculating correlations among significant genes and converted the co-expression matrix into adjacency matrix using soft threshold power. We chose power = 12 for our network construction as it was appropriate for meeting the criterion of the resulting adjacency matrix approximating scale-free topology (Supplement Fig.  2 ). Then, a topological overlap matrix (TOM) was generated by the adjacency matrix. TOM is defined as the connection between genes, and also represents the strength of gene-gene interactions. Next, the hierarchical clustering dendrogram was constructed according to a dissimilarity TOM (1-TOM), modules were grouped with tightly connected genes. Each module was arranged to a different color.
Module eigengenes were obtained from the first principal component of co-expression matrix for modules. For finding significant gene modules, we created module-trait relationships to detect the correlation between module eigengenes and T1D trait. GS was determined by the correlation of each gene and T1D from transcriptomics data. MM was regarded as the correlation of module eigengenes and individual gene's expression profiles, MM is a parameter to evaluate the cohesion of genes to a module. The higher correlation of GS and MM, the more important the genes have for the trait and module. Finally, the submodule network visualization was performed by VisANT [47] , which includes all nodes (for genes) and edges of the interesting module.
GO enrichment analysis for the interesting module
To assess whether the interesting module was biological and functional relevant to T1D, GO enrichment analysis (http://geneontology.org/page/go-enrichment-analysis) was performed to identify relevant pathways within which those genes in the interesting module were enriched. For further exploring the functional interactions between proteins encoded by genes in the interesting module, functional protein association networks were established by STRING 10.5 database (https://string-db.org/) [48] .
